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ABSTRACT 
In animals with complex nervous systems such as mammals and insects, signaling pathways are 
responsible for guiding axons to their appropriate synaptic targets. Importantly, when this 
process is not successful during the development of an organism, outcomes include catastrophes 
such as human neurological diseases and disorders.  It is vital to determine the underlying causes 
of such diseases by understanding the development of the nervous system. There are many 
pathways that have been identified to play a role in this, however, we lack an understanding of 
how these pathways can promote such diverse outcomes in different populations of neurons. 
These pathways include conserved ligand and receptor complexes that can either synergistically 
or antagonistically determine the fate of axons. Among these complexes include Slit and Robo, 
the first ligand and receptor complex to be identified in Drosophila. Previous studies show that 
disrupting this complex causes ectopic midline crossing of axons in a wide range of animals. 
Here, to analyze the structural foundation of the diverse activities of Robo2, I examine the 
relative contributions of its Ig domains by generating transgenic animals expressing variant 
proteins. I show that Ig1 and Ig3 domains are vital for protein stabilization and localization in 
vivo. I also use a cell overlay assay to examine the structural and functional importance of all 
domains of Drosophila Robo2. Deleting the Ig1, Ig5, and Fn2 domains of Robo2 reduce Slit 
binding in cultured Drosophila cells. The other domains of Robo2 are individually dispensable 
in Robo2’s ability to bind to Slit in vitro. 
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DEFINITIONS 
1.   Fruit fly – Drosophila melanogaster 
2.   Axon guidance – developmental process by which neurons send axons out to reach their 
synaptic targets. 
3.   DCC – deleted in colorectal cancer 
4.   CNS – central nervous system 
5.   EGF receptor – epidermal growth factor receptor 
6.   Bilaterians – major group of animals with twofold symmetry and with a definite front, back, 
right and left. 
7.   VNC – ventral nerve cord 
8.   Ig – immunoglobulin 
9.   Fn – fibronectin 
10. Tm – transmembrane 
11. CC0-CC3 – conserved cytoplasmic 0-3 
12. LRR – leucine rich repeat 
13. Slit-FL – Slit-full length (uncleaved) 
14. Slit-N – Slit- N terminus 
15. Slit-C – Slit- C terminus 
16. Kuz – kuzbanian 
17. Sos – sons of sevenless 
18. Dock – dedicator of cytokinesis 
19. ZFNs – zinc-finger nucleases 
20. TALENs – transcription activator-like effector nucleases 
21. CRISPR/Cas – clustered regularly interspaced short palindromic repeat 
22. gRNA – guide RNA 
23. crRNA – CRISPR RNA 
24. tracrRNA – transactivating CRISPR RNA 
25. PAM – protospacer adjacent motif 
26. DSB – double stranded break 
27. NHEJ – non-homologous end joining 
28. HDR – homology directed repair 
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Chapter One:  
Development of Drosophila melanogaster and an introduction to Roundabout 2 
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BACKGROUND: 
Significance 
Changes in the expression or function of the proteins involved in axon guidance can be 
detrimental to the Central Nervous System. Developmental errors that drive neurological 
diseases can cause victims lifelong complications. It is vital to determine the underlying causes 
of such diseases by understanding the development of the nervous system. The research 
presented uses Drosophila melanogaster’s robo2 gene as a model to address how 
evolutionarily conserved genes regulate diverse axon guidance decisions in different 
organisms, including humans. (Galléa et al., 2011) Having the ability to independently move 
both sides of the body is an important aspect of our daily lives. Individuals with congenital 
mirror movements disorder are unable to do this. Axon guidance plays an important role in the 
regulation of voluntary movements. It is a tightly regulated process in a developing organism. 
Congenital mirror movement, a condition where intentional movements on one side of the 
body are mirrored by involuntary movements of the other side is familial and occurs in infants 
and persist throughout the patient’s life. The disorder has been linked to heterozygous 
mutations in the DCC (deleted in colorectal cancer) gene. DCC is the vertebrate receptor for 
ligand Netrin-1. When DCC is activated by Netrin-1, axons are guided towards the midline. 
(Galléa et al., 2011) Currently, there are no cures for the disorder. 
 
Horizontal gaze palsy is a genetically homogeneous disorder where axons of the hindbrain fail 
to cross the midline. (Fig. 1.1) Individuals with the disorder eventually develop scoliosis within 
the first decade of life. The disorder is a result of a mutation in the ROBO3 gene. ROBO3 is a 
member of the Robo family of axon guidance receptors. The mechanisms underlying Horizontal 
gaze palsy remain unclear. (Nugent et al., 2012) 
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PART ONE: DEVELOPMENT OF THE CENTRAL NERVOUS SYSTEM 
Differentiation 
The CNS of humans has diverse functions ranging from sensory perception and motor 
coordination to motivation and memory. With that, it is inevitable that the human is the most 
complex and intricate organism. Fortunately, there are organisms that are less complex and allow 
scientists to study the CNS in great detail. Due to the conservation of development, the 
Drosophila CNS serves as an excellent model organism to elucidate the 
nervous system. The development of the CNS is a tightly regulated process. A cascade of precise 
events leads to neural differentiation. Neuroepithelial cells function as neural stem cells during 
embryonic development. The neural tube, the embryonic precursor of the CNS is composed of a 
sheet of neuroepithelial cells that have not yet committed to a specific pathway of differentiation. 
In vertebrates and invertebrates, the specification of cells located at the midline of the 
neuroepithelium plays a vital role in the development of the Central Nervous System. These cells 
later influence the positional information of cells. As with most cell differentiation, positional 
information is essential in determining the fate of a cell. After recruitment, the cells of the neural 
plate acquire special properties resulting in immature neurons and glial cells. Ectodermal cells 
that fail to follow the neural program of differentiation become epidermis of the skin instead. 
(Galléa et al., 2011) 
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Figure 1.1. Four-year-old child that has been diagnosed with Horizontal gaze palsy and 
scoliosis. The disorder is characterized by the absence of conjugate horizontal eye movements. 
Figure adapted from (Cueto et al., 2016). 
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Neurons and Glia 
The central nervous system consists of two major cell types: neurons and glia. Two main 
differences between the two are: neurons have two processes and glia has only one, and 
neurons have synapses and glia cells do not. Individual neurons are the basic units of the CNS. 
A typical neuron has two types of processes: axon and dendrite. (Fig. 1.2) The axon is a long, 
thin process that is responsible for the transmission of information between neurons. The 
dendrite is a thin process that branches several times and is specifically shaped to receive 
synaptic information from other neurons. The cells of the nervous system are more diverse than 
other parts of the body. There are three distinct features that give nerve cells the ability to 
communicate effectively with one another. The neuron is polarized, electrically and chemically 
excitable, and its cell body contains proteins and organelles that house specialized secretory 
properties. (Kandel et al., 2000) Information is either received, integrated, or transmitted by the 
nervous system. 
 
The embryonic Drosophila central nervous system consists of two types of glial cells: midline 
and lateral. Midline glial cells are produced as a result of EGF-receptor signaling. (Klämbt et al., 
2001) The glia cells that reside in the midline are important developmental and neuronal 
signaling. The floor plate of vertebrates and midline of invertebrates are functionally and 
morphologically similar. Both consist of neurons and glia. Repulsive and attractive cues are 
housed in the midline or floor plate. (Crews, 2010) Due to these similarities, understanding the 
mechanisms of Drosophila CNS development will give us insight on vertebrate CNS 
development. 
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Figure 1.2 Neurons transmit information to other cells. 
Neurons are specialized cells that transmit electrical and chemical information throughout the 
body. Axons, dendrites, and cell bodies are the three basic structures of a neuron. The axons and 
dendrites are responsible for transmitting and receiving information. Figure adapted from 
“Neuron.” Wikipedia, Wikimedia Foundation, 30 June 2019, simple.wikipedia.org/wiki/Neuron. 
. 
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Bilaterians 
Bilateral symmetry and an elongated anterioposterior axis are hallmarks of the Central Nervous 
system in most animals. The orthogonal axes of bilaterians are established during early 
embryogenesis and provide a system where spatial cues can organize developing cells, tissues, 
and organs. (Genikhovich and Technau, 2017) The Drosophila embryonic CNS is subdivided 
into the brain and ventral nerve cord (VNC). During gastrulation, two ventrolateral neurogenic 
regions fuse together to form a homogenous sheet of cells. The anterioposterior patterning of 
this neuroectodermal layer is initiated by maternal effect, gap, and pair-rule genes. Maternal 
effect genes are genes whose products are produced or deposited in the oocyte or exist in the 
fertilized egg or embryo before expression of zygotic genes. Gap genes subdivide the embryo 
along the anterior/posterior axis. The pair rule genes divide the embryo into segments. 
Neurulation, the process of neural tube formation initiates the construction of the nervous 
system. It is driven by changes in neuroepithelial cells. Many of the cell movements that occur 
during gastrulation also happen in neurulation like invagination. (Schoenwolf and Smith, 1990) 
The cell’s location within a segment will affect which pair rule and segment polarity genes are 
expressed and thus determine its fate. (Bieber et al., 1989) The midline of bilateral animals is a 
prominent center for the organization of the development of CNS. There is high conservation of 
the molecules that dictate axon guidance in vertebrate and invertebrate nervous systems. (Evans 
and Bashaw, 2010) (Fig. 1.3) 
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Figure 1.3 Conservation of molecules that regulate axon guidance decisions. 
There is high conservation among the ligand and receptor complexes that dictate axon 
guidance decisions. The medial-lateral axis of the fly nerve cord corresponds to the dorsal-
ventral axis of the mouse spinal cord. The binding of Slit to Robo receptor mediates 
midline repulsion in the fly nerve cord as well as the mouse floor plate. There are 
additional complexes that regulate midline crossing in mice such as Netrin and Frazzled 
(Fra). Figure adapted from (Evans and Bashaw, 2010). 
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PART TWO: CONSERVATION OF AXON GUIDANCE 
The formation of the nervous system relies heavily on axonal growth cones innervating their 
synaptic targets. Growth cones, actin-based structures, extend filopodia and lamellipodia in 
response to environmental cues from the cell surface.  This innervation is in response to 
repulsive and attractive cues. The topological communications between neurons within a 
neural circuit are so complex that they require special mechanisms to develop properly. By 
the early 1999s, several conserved axon guidance molecules had been discovered. To date, 
four major families of neuronal guidance cues have been identified: Slits, Netrins, 
Semaphorins, and Ephrins. (Fig. 1.4) 
 
Other molecules implicated in guidance cues include cell-adhesion molecules (CAMs), 
morphogen and growth factors.  During embryonic development, elongating axons are 
continuously in communication with the extracellular environment.  In bilaterians, guidance of 
each axon is critical to the development of the animal. A developing axon doesn’t have many 
options: it can grow, turn, or stop. Axons of humans and insects such as fruit flies must choose 
whether to remain on its own side of the body or cross the midline to connect with cells on the 
opposite side. (Evans and Bashaw, 2010) During the development of any axon tract, the first 
extending axons will strategically pioneer the route that all later axons will follow. Pioneer 
axons fasciculate with one another to establish the axon scaffold. (Raper et al., 1983) 
Ultimately, a synergistic relationship between repulsive and attractive cues controls a fine 
regulation of growth cones. 
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Figure 1.4 Major neuronal guidance pathways regulate axon guidance decisions. 
There are several complexes that regulate axon guidance decisions. Four major families 
have been identified: Slits, Netrins, Semaphorins, and Ephrins. Growth cones steer axons in 
the precise direction of their synapse targets in response to these molecules. Figure adapted 
from (Dickson, 2002). 
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Dysregulation of midline crossing underlies many neurological disorders in humans such as 
mirror movement synkinesis and horizontal gaze palsy (Izzi and Charron, 2011); (Nugent et 
al., 2012).  Genes mutated in these disorders encode axon guidance receptors such as robo. 
Realizing that the mechanisms of axon guidance are conserved among insects and humans 
(Dodd and Jessell, 1988); (Harrelson and Goodman, 1988); (Klose and Bentley, 1989), 
(McConnell et al., 2016), Drosophila robo2 gene serves as a fitting model to address how 
evolutionarily conserved genes regulate diverse axon guidance decisions in different 
organisms, including humans. 
 
Outgrowth of the growth cone 
The growth cone is a “fan-shaped” distal tip that enables a nerve cell to connect to its distant 
target. (Fig. 1.5) In the 1890s Santiago Ramon y Cajal proposed that axon pathfinding was the 
job of the growth cone. He hypothesized that this phenomenon was due to chemical sensitivity. 
(Kandel et al., 2000) The mobility of growth cones was first demonstrated by Ross Harrison 
who grew frog neurons in lymph clots. (Chilton, 2006) Although the direct role of filopodia on 
growth cones remains trivial, they have been postulated to steer the growth cone by differential 
adhesion (Letourneau, 1975), generating mechanical force (Lamoureux et al., 1990), or 
transducing distal signals (Davenport et al., 1993). The length of the filopodia allows them to 
gauge the environment, and their flexibility allows them to navigate other cells. Once receptors 
on the growth cone encounter chemical cues, motors involving actin and myosin stimulate the 
growth cone to advance, retract, or turn. (Kandel et al., 2000) Outgrowth of a neuron is 
regulated by chemoattractants and chemorepellents. It is axonal decisions made in response to 
the chemicals that precisely regulate the CNS. 
12 
 
 
Figure 1.5 Growth cones are motile structures that explore the environment. 
Growth cones consist of fine finger-like structures (filopodia) that constantly reach out to sense 
the environment. They direct and guide the extension of the axon in the direction of growth. 
The structure of the growth cone changes in response to attractive and repulsive cues. These 
events culminate the growth of the neuron towards its target. Figure adapted from (Dickson, 
2002). 
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PART THREE: IG SUPERFAMILY: NEURAL CELL ADHESION MOLECULES OF 
THE IMMUNOGLOBULIN SUPERFAMILY 
The term “Ig superfamily” simply refers to the historical relationship to immunoglobulins and is 
coined due to its members having at least one Ig domain. Structurally, the Ig superfamily is 
characterized by having one or more protein modules of the Ig fold and are involved in 
extracellular recognition events. (Williams and Barclay, 1988) A structural characteristic of the 
Ig superfamily is the Ig fold. It consists of approximately one hundred amino acids. (Amzel and 
Poljak, 1979) A feature of the Ig fold is the highly conserved disulfide bridge that links two 
opposed b sheets. (Glockshuber et al., 1992); (Proba et al., 1997) (Fig. 1.6) Ig folds can be 
categorized into several topological types based on their -strand arrangement. Furthermore, 
these Ig folds can be labeled as IgV (variable), IgC1 and IgC2 (constant), and IgI (intermediate. 
(Harpaz & Chothia, 1994; Vaughn & Bjorkman, 1997) The main topologies associated with cell 
adhesion molecules are IgI and IgC2. The FnIII and cadherin fold are not related to the Ig fold 
by primary sequence but have similar  strand topographies. Neural cell adhesion molecules can 
be categorized into 3 subgroups. (Brümmendorf and Rathjen, 1994, 1996) They have at least one 
extracellular Ig domain and play a vital role in axonal growth and pathfinding. 
 
FNIII repeats 
Fibronectins are large glycoproteins that are involved in cellular processes including cell 
adhesion, morphology, migration, and phagocytosis.  Structurally, they are classified as a 
member of the immunoglobulin-like family of protein folds. They consist of three repetitious 
domains (I, II, and III) that are composed of a  sandwich fold consisting of seven antiparallel 
beta sheets.  
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FN type-III is approximately 90 amino acids long. (Kornblihtt et al., 1984) (Huber et al., 1994) 
 
Robo family protein structure 
The Robo2 receptor is one of three closely related axon guidance receptors (along with Robo 
and Robo3) in the Drosophila Robo family. The members of the Roundabout family in 
Drosophila (Robo1, Robo2, Robo3) share a 5+3 conserved protein structure. This conserved 
structure includes five immunoglobulin-like (Ig) domains, three fibronection (Fn) type -III 
repeats, a transmembrane (TM) domain, and two to four cytoplasmic motifs. (CC0, CC1, CC2, 
and CC3) (Bashaw et al., 2000) (Kidd et al., 1998) Drosophila Robo2 and Robo3 lack 
cytoplasmic motifs 2 and 3. These motifs are responsible for interactions with downstream 
effectors. Robo2 controls a number of axon guidance decisions during embryonic development, 
including midline crossing and longitudinal axon pathway formation. Nearly all Robo receptors 
share a conserved protein structure. The current model proposes that Robo2 shares a function 
with Robo1 and Robo3, independently. Robo1 and Robo2 share a midline repulsive function 
while Robo2 and Robo3 share a lateral positioning function. 
15 
  Figure 1.6 Schematic of Ig folds. Two-dimensional topology of Ig folds with 
arrows indicating B strands and lines indicating B strand connecting loops. The 
disulfide bridge (-S-S-) that connects the B and F strands denotes the Ig fold. Ig 
folds with IgI and IgC2 topology are found in cell adhesion molecules. The B 
strand topologies of Cad (cadherin domain) and FnIII (fibronectin type III 
domain) strongly resemble IgI and IgC2. (Figure adapted from (Sonderegger, 
2003) 
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CONCLUSIONS 
Successful guidance of axons to their synaptic targets is a critical part of the development of the 
central nervous system. Growth cones must be able to sense the environment and correctly steer 
the axon to the appropriate synapse. Axons of bilaterians encounter a central challenge of 
whether they should stay on one side of the body or innervate the other side.  How neuronal 
axons are guided to their targeted synapses is a common problem in a developing organism. 
Dysregulation of these cues underlies many neurological disorders. Many of the genes that are 
involved in detrimental human diseases such as Kallman syndrome, mirror movement 
syndromes, and horizontal gaze palsy have homologs in the fruit fly Drosophila melanogaster. 
Among these genes are Slit and Roundabout (Robo). The binding of midline repellant to its 
Roundabout (Robo) receptors drives midline repulsion of axons in bilateral animals.  Functional 
studies show that Robo2 and Robo3 have distinct roles in axon guidance in the embryonic CNS. 
Robo1 and Robo2 cooperate to signal midline repulsion of axons in response to Slit, Robo2 and 
Robo3 promote the formation of axon pathways in the lateral and intermediate regions of the 
neuropile, respectively, and Robo2 also promotes midline crossing in addition to its role in 
midline repulsion. (Evans and Bashaw, 2010a) (Simpson et al., 2000) (Spitzweck et al., 2010) 
Robo2 is a modular receptor protein containing eight distinct domains in its extracellular 
portion: five immunoglobulin-like domains (Ig1-Ig5) and three fibronectin type III domains 
(Fn1-Fn3).  It is a multifunctional receptor protein that regulates multiple axon guidance 
outcomes during development of the Drosophila embryonic CNS: 
 1) it prevents midline crossing of ipsilateral and post-crossing commissural axons in response 
to the repellant ligand Slit, 2) it promotes midline crossing of commissural axons non- 
autonomously by antagonizing Slit-Robo1 repulsion, and 3) it regulates the medial-lateral 
17 
position of longitudinal axon pathways. 
 Extensive analysis of the roles of each domain of Robo2 has not been carried out. Here, I take a 
closer look at the importance of Drosophila Robo2’s structure and function. 
18 
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Chapter Two:  
The effects of expressing modified Robo2 proteins in cultured Drosophila 
 
cells 
 
PUASTHARobo2Ig1 and PUASTHARobo2Ig2 plasmids were made by Dr. Timothy Evans. 
 
P10UASTHARobo2 plasmid was constructed by Marie Reichert.
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ABSTRACT 
Roundabout (robo) 2 was initially discovered by searching the Drosophila genomic database for 
sequences like Robo. Unlike Robo1, it resides on the left arm of chromosome 2 at location 22A. 
Robo2 is broadly expressed in the CNS during early development but its expression becomes 
more dynamic as development proceeds. Expression of Robo2 is later restricted to axons in the 
lateral one-third of each longitudinal tract. Like Robo1, Robo2 is a repulsive axon guidance 
receptor in the Drosophila CNS. Slit proteins expressed at the midline of the CNS signal through 
the Robo receptors expressed on the growth cones of axons. Current models propose that the Ig1 
domain is essential for Slit binding and the repulsive function of the Robo receptors.  Here, I use 
a cell overlay assay to examine the structural and functional importance of all domains of 
Drosophila Robo2. I show that deleting the Ig1, Ig5, and Fn2 domains of Robo2 reduce Slit 
binding in cultured Drosophila cells. The other domains of Robo2 are individually dispensable 
in Robo2’s ability to bind to Slit. 
 
BACKGROUND 
Slit protein 
Slit protein is highly conserved across species. The first Slit gene was identified in the patterning 
of the larval cuticle of a Drosophila embryo. Later, it was discovered that Slit is secreted by 
midline glial cells in the fly central nervous system. (Rajagopalan et al., 2000) (Kidd et al., 1999) 
(Simpson et al., 2000) While invertebrates have a single Slit gene, mammals have three. (slit1-
slit3) A major classification of the slit protein is tandem repeats of 4 leucine-rich repeat domains 
(D1-D4) from the N terminus to the C terminus followed by two regions of epidermal growth 
factor (EGF) – like repeats. (Fig. 2.1) Structure-function studies revealed that the second 
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leucine-rich repeat (LRR) contains the active site for Robo binding. Slit1-Slit3 differs from 
Drosophila in that they have an additional LRR and two additional EGF repeats. Both 
Drosophila and mammal slit proteins lack hydrophobic sequences that might characterize them 
as a transmembrane protein; so, they are secreted by midline glia cells and act as repulsive axon 
guidance ligands. Slit was shown to be the ligand for the Roundabout (robo) receptor through its 
accumulation on axons. (Kidd et al., 1999) Axons that do not typically cross or recross the 
midline enter the midline and stay in slit mutant embryos. 
 
Proteolytic processing of Slit and Robo 
Proteolytic cleavage, an important process for signaling, occurs in both Slit and Robo. Full- 
length Slit (Slit-FL) can be cleaved into two fragments: N- terminal (Slit-N) and C terminal (Slit- 
C). These fragments have different functions and responsibilities. Cleavage within the EGF 
region releases the active N-terminal fragment. Slit-N is the only stable form of the Drosophila 
Slit protein. Slit cleavage has been shown to be a key step in muscle patterning. (Ordan and 
Volk, 2015) Slit-C is mostly shed into the extracellular space. (Brose et al., 1999) 
 
In Drosophila, cleavage of Robo is required for subsequent downstream signaling events. The 
metalloprotease Kuzbanian (kuz) cleaves Robo1 near the transmembrane domain. Furthermore, 
conformational changes in the receptor cause downstream cytoplasmic domains to interact with 
Son of Sevenless (Sos) via the Dreadlocks (Dock) adaptor protein. (Coleman et al., 2010) Robo1 
is then endocytosed and trafficked from early to late endosomes. Studies suggest that through 
endocytosis, the receptor is activated by positively regulating midline repulsion. (Chance and 
Bashaw, 2015) Coleman et. al successfully created an uncleavable form of Robo1 that is unable 
to rescue midline dependent repulsion in Robo mutants. While Robo2 acts alongside Robo1 to 
signal midline repulsion in response to Slit, it remains unclear if the mechanism(s) of Robo2 
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activation and signaling are the same as those of Robo1. 
 
Structure of Robo receptors is conserved 
All three Robo receptors are expressed on the growth cones of axons and bind to Slit. They have 
been described to have five immunoglobulin-like domains, and three fibronectin type III repeats, 
and a cytoplasmic domain. Structurally, the Ig superfamily is characterized by having one or 
more protein modules of the Ig fold and are involved in extracellular recognition events. 
(Williams and Barclay, 1988) Although Robo2 and Robo3 share structure conservation with 
Robo1, they are more identical to each other sharing 49% conservation. Robo2 is 37% identical 
to Robo1. 
 
Slit interacts with Roundabout paralogs 
The Slit-Robo pathway is a conserved pathway that regulates axon guidance in the developing 
CNS. Robo receptor families of mammals, insects, planarians, and nematodes share a conserved 
protein structure with an ectodomain of five immunoglobulin-like domains (Ig), three fibronectin 
type III repeats (Fn), a transmembrane domain, and a cytoplasmic domain that typically contains 
two-four motifs. (CC0, CC1, CC2, and CC3). To date, mammalian Robo4/Magic Roundabout 
(Huminiecki et al., 2002) and Robo1a/Robo1b from the silkworm Bombyx mori are the only 
known deviations of this conservation. (Li et al., 2016) In Drosophila, all three Roundabout 
receptors share structure conservation except that Robo2 and Robo3 lack the CC2 and CC3 
motifs.  Notably, Robo2 and Robo3 orthologs are not conserved outside of insects. Previous 
studies have shown that the extracellular domains of the Robos have roles outside of the 
canonical slit-binding role. 
Slit and Robo were first categorized as a ligand-receptor complex in Drosophila. The Drosophila 
CNS has served as an excellent model for elucidating signaling through the Slit-Robo pathway. 
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Slits are the main ligands of Robo receptors. Trans-species binding experiments done in cultured 
cells suggest that there is a conservation of Slit and Robo. Furthermore, studies have shown that 
Robos and Slits of flies and vertebrates interact identically. In recent years, Slit and Robo 
signaling in vertebrates have been shown to have a role in neurogenesis, angiogenesis, and 
cancer progression. (Blockus and Chédotal, 2016) Slit, Robo1, and Robo2 also play important 
roles in muscle elongation in invertebrates. (Ordan and Volk, 2015) 
 
Slit signals through Roundabout (roundabout) paralogs Robo1, Robo2, and Robo3. (Morlot et 
al., 2007) showed that Slit binds to the Ig1 domain of Robo1 with its leucine rich repeat (LRR) 2 
domain. Heparin has also been shown to bind Slit2 and is proposed to be involved in the Slit- 
Robo complex. (Fukuhara et al., 2008) Slit proteins have also been shown to dimerize through 
the leucine rich repeat (LRR) 4 domain. (Seiradake et al., 2009) 
 
In vitro biochemical studies report that the Ig1 domain is the primary Slit-binding domain of 
Robo receptors in insects and mammals. (Fig. 2.2) Reichert et al. 2016 showed the functional 
importance of the Ig1 domain of Robo1 for Slit binding in vivo expression and regulation and 
repulsive axon guidance in the Drosophila embryonic CNS. The deletion of the Ig1 domain 
eliminates its ability to bind to slit. Additionally, studies explain that although Robo1 Ig1 is 
essential for midline repulsive signaling it is not required for receptor expression or axonal 
localization. (Reichert et al., 2016). 
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Figure 2.1 Slit is a secreted extracellular matrix protein. Slit is produced at the midline of the 
Drosophila ventral nerve cord by glial cells. The secretion of Slit provides a gradient for the 
repulsion of CNS axons. The N terminal contains a signal peptide followed by a four- fold 
duplicated region each one consisting of an amino flanking region, four leucine rich repeats and 
a carboxyl flanking region (flank-LRR-flank domain). Slit binds to the Ig1 domain of Robo1 
with its leucine rich repeat (LRR) 2 domain. Figure adapted from (Zhang et al., 2013). 
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Figure 2.2 Slit binds to the Ig1 domain of the Robo receptors. Biochemical structure studies 
show that Slit binding occurs at the Ig1 domain of the Robo receptors. This binding activates 
repulsive signaling in axonal growth cones. 
28 
Analysis of Robo2 domains 
Nearly all Robo receptors share a conserved protein structure. Roles for domains other than Ig1 
have previously been described.  Evans et al. 2015 showed that the Ig2 domain is essential for 
guidance of axons across the midline and the Ig3 domain plays an important role in the 
formation of longitudinal pathways. (Evans et al., 2015) Do any of the other domains of Robo2 
play a role in its repulsive function? Which of Robo2’s domains are required for Slit binding? In 
order to gain insight into these questions, I individually deleted each domain of Robo2 and 
examine the effects on slit binding. 
 
MATERIALS AND METHODS 
Molecular biology 
pUAST cloning: 
Individual Robo2 domain deletions were generated via site-directed mutagenesis using Phusion 
Flash PCR MasterMix (Thermo Scientific), and completely sequenced to ensure no other 
mutations were introduced. All robo2 p10UASTattB constructs include identical heterologous 
5′ UTR and signal.  
 
Slit binding assay: 
S2R+ cells were cultured at 25ºC in Schneider’s media plus 10% fetal calf serum. To assay 
Slit binding, cells were plated coverslips in six-well plates (Robo-expressing cells) or 
untreated six- well plates (Slit-expressing cells) at a density of 1-2×10
6 
cells/ml, and 
transfected with pRmHA3-GAL4 (Klueg et al., 2002) and HA-tagged pUAST-Robo or 
untagged pUAST-Slit plasmids using Effectene transfection reagent (Qiagen). GAL4 
expression was induced with 0.5 mM CuSO4 for 24 hours, then Slit-conditioned media was 
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harvested by adding heparin (2.5 ug/ml) to Slit-transfected cells and incubating at room 
temperature for 20 minutes with gentle agitation. Robo-transfected cells were incubated with 
Slit-conditioned media at room temperature for 20 minutes, then washed with PBS and fixed 
for 20 minutes at 4ºC in 4% formaldehyde. Cells were permeabilized with PBS+0.1% Triton 
X-100, then stained with antibodies diluted in PBS+2mg/ml BSA. Antibodies used were: 
mouse anti- SlitC (DSHB #c555.6D, 1:50), rabbit anti-HA (Covance #PRB-101C-500, 
1:2000), Cy3- conjugated goat anti-mouse (Jackson #115-165-003, 1:500), and Alexa 488-
conjugated goat anti- rabbit (Jackson #111-545-003, 1:500). After antibody staining, 
coverslips with cells attached were mounted in Aquamount. Confocal stacks were collected 
using a Leica SP5 confocal microscope and processed by Fiji/ImageJ (Schindelin et al., 2012) 
and Adobe Photoshop software. 
Robo2 domain deletions: 
Robo2 deletion variants include the following amino acid residues, relative to Genbank 
reference sequence AAF51375:  Robo2ΔIg1 (186 –1463), Robo2Ig2 (90-185)(281-1463), 
Robo2ΔIg3 (90–280) (374-1463), Robo2ΔIg4 (90–373) (475-1463), Robo2ΔIg5 (90–474) 
(572-1463), Robo2ΔFn1 (90–571) (673-1463), Robo2ΔFn2 (90–672) (848-1463), and 
Robo2ΔFn3 (90– 
847) (953-1463) 
30 
RESULTS 
Slit does not bind to Robo2 Ig1,  Ig5, or Fn2 in Drosophila S2R+ cells  
Previous models show that repulsive signaling in CNS axons is a result of Slit binding to the Ig1 
domain of Robo1. Brown et al. 2015 showed the importance of the Ig1 domain of Robo1 in Slit 
binding in vivo. Results showed that Slit binds efficiently to Drosophila cells that expressed 
transgenic full-length Robo1 but weakly interacted with untransfected cells or cells expressing 
Robo1Ig1. Furthermore, deletion of the Ig1 domain has not been shown to affect the expression 
or membrane localization of the receptor in cultured cells. 
 
Evans et al. 2015 report that deleting the Ig1 domain from Robo2 in cultured Drosophila cells 
prevent Slit binding. Moreover, deleting the Ig2 domain does not interfere with this interaction. 
(Fig. 2.3) To analyze if the other ectodomains of Robo2 have a role in Slit binding I forced 
cultured Drosophila S2R+ cells to express HA-tagged transgenic Robo2Ig3, Robo2Ig4, 
Robo2Ig5, Robo2Fn1, Robo2Fn2, and Robo2Fn3, individually.  Deleting Ig5 and Fn2 
domains result in minimal to no Slit binding. Notably, Robo2Ig5 and Robo2Fn2 proteins are 
still localized to the plasma membrane. (Fig. 2.4 and 2.5) 
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Figure 2.3 Slit binding and Robo gain of function. (A–E) Slit-conditioned media was 
collected and used to treat cells expressing the indicated HA-tagged receptors. Receptor 
expression is shown with anti-HA in the top panels (magenta) and anti-Slit staining is shown in 
the bottom panels (green, A′–E′). Robo1 (A), Robo2 (B), and Robo2ΔIg2 (D) bind efficiently to 
Slit, while little to no binding is detected in cells expressing Robo2Δ Ig1 (C) or Robo2ΔIg1+2 
(E). Figure adapted from (Evans et al., 2015)
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Figure 2.4 Most of Robo2’s Ig domains are individually dispensable for Slit binding in 
Drosophila cultured cells. Drosophila S2R+ cells were transfected with full-length Robo2 or 
Robo2 Ig domain deletion variants, then treated with Slit-conditioned media. Slit binding was 
assayed using an anti-Slit antibody (”Slit”, green), and Robo2 variants were detected with an 
antibody against an N- terminal HA tag (”HA”, magenta). Slit does not bind to untransfected 
cells (control) but binds robustly to cells expressing full-length Robo2. Slit also bound to cells 
expressing individual Robo2 Ig variants, at levels that appear to correlate with the levels of HA 
expression. I conclude that Robo2 Ig2, Ig3, and Ig4 are individually dispensable for Slit binding. 
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Figure 2.5 Robo2’s Fn2 domain may be required for Slit binding in Drosophila cultured 
cells. Drosophila S2R+ cells were transfected with full-length Robo2 or Robo2 Fn domain 
deletion variants, then treated with Slit-conditioned media. Slit binding was assayed using an 
anti-Slit antibody (” Slit”, green), and Robo2 variants were detected with an antibody against an 
N- terminal HA tag (”HA”, magenta). Slit does not bind to untransfected cells (control) but binds 
robustly to cells expressing full-length Robo2. Slit also bound to cells expressing individual 
Robo2 Fn variants, at levels that appear to correlate with the levels of HA expression. I conclude 
that Robo2 Fn1 and Ig3 are individually dispensable for Slit binding. Deleting the Fn2 domain 
results in minimal slit binding. 
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DISCUSSION 
I have presented data for individually deleting the ectodomains of the Drosophila Robo2 
receptor. Results show that most of the domains are individually dispensable for Slit binding. 
Deleting the Ig1, Ig5, and Fn2 domains reduce Slit binding. On the contrary, deleting any of the 
other Ig and Fn domains does not interfere with Robo2’s interaction with Slit or membrane 
localization. These results in part support the results gathered on Robo1, the primary Robo 
receptor. Like Robo2, deleting the Ig1 domain from Robo1 prevents Slit- Robo1 interaction in 
cultured Drosophila cells. On the other hand, individually deleting Ig2 -Ig5 domains of Robo1 
does not interfere with Slit binding. (Reichert et al., 2016) Deleting the Ig1, Ig5, and Fn2 
domains of Robo2 interferes with Slit binding. Our findings indicate that although Robo2 shares 
a 37% structure identity with Robo1, the receptors may use different mechanisms to bind slit and 
regulate midline repulsion. 
 
Robo2 Ig1, Ig5, and Fn2 domains are not required for proper protein expression and 
localization 
Deleting the Ig1, Ig5 and Fn2 domains from Robo2 disrupts Slit binding in Drosophila cultured 
cells. However, these domains are not required for the proper expression of the protein in vitro. 
The deletion of these domains in vitro does not completely recapitulate the in vivo results. HA 
expression of embryos carrying the Robo2Ig1 transgene show mislocalized protein expression 
whereas embryos carrying Robo2Ig5 or Robo2Fn2 does not show mislocalized protein 
expression. Robo2’s Ig1, Ig5 and Fn2 domains seem to work in independent manners in vitro 
vs. in vivo. These data will be discussed in Chapter 3. 
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Robo2 Ig3, Ig4, and Fn1 are individually dispensable for Slit binding in cultured 
Drosophila cells 
Data show that all domains of the primary Robo receptor, Robo1 other than the Ig1 domain are 
individually dispensable for the protein’s Slit binding role. Here, I show that this is not true for 
Robo2. While deletion of the Ig1, Ig5, and Fn2 domains reduced Slit binding to background 
levels, I observe that Robo2∆Ig3, Robo1∆Ig4, Robo1∆Fn1 bound Slit as effectively as full- 
length Robo2. All the modified receptors were expressed at similar levels and properly 
localized to the membrane of transfected cells and stained by anti-HA. Accordingly, individual 
deletion of Ig3, Ig4, or Fn1 does not affect membrane localization of Robo2 or its ability to 
interact with Slit. Experiments will need to be done to determine exactly where the Robo2 
protein is being transported to. Although we speculate that the protein is being transported to 
the membrane, this speculation can be confirmed by using a membrane marker. It will be 
interesting to see comparisons of wildtype Robo2 and the domains that appear to be responsible 
for the binding of Slit. 
 
CONCLUSIONS 
The first data has been presented on the structural importance of Drosophila Robo2 in vitro. 
Although Ig1, Ig5, and Fn2 domains are not required for the proper expression and localization 
of Robo2 and they are required for Slit binding. By using a cell overlay assay I was able to 
determine the structural and functional importance of all domains of Drosophila Robo2. I’ve 
shown that deleting the Ig1, Ig5, and Fn2 domains of Robo2 reduce Slit binding in cultured 
Drosophila cells. The other domains of Robo2 are individually dispensable in Robo2’s ability 
to bind to Slit.  
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These data suggest that the mechanisms that Robo2 uses to bind Slit are not independent of the 
Ig1, Ig5, or Fn2 domains. 
 Notably, these data also suggest that Robo2 binds Slit in a different manner than Robo1. 
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Chapter Three:  
Analyzing CRISPR-Cas9 modified Robo2 protein expression of Drosophila melanogaster 
Robo2 gRNAs and HA tagged donor plasmid were constructed by Marie Reichert.  
Dr. Timothy Evans assisted with recovery of modified Robo2 CRISPR alleles. 
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ABSTRACT 
Although it has been established that the functions of the Robo receptors rely on individual 
domains or a combination of them, we still lack an understanding of the roles that each 
domain specifically plays in the functions. Here, I take a CRISPR/Cas9 gene replacement 
approach to determine what roles do the extracellular domains of Drosophila Robo2 play in 
the localization of the protein. By replacing the robo2 coding region with the epitope-tagged 
cDNAs in which the individual domains have been deleted, I can examine the contributions of 
each domain to receptor localization, regulation, and Robo2-dependent axon guidance 
outcomes. I show that two of the Ig domains (Ig1 and Ig3) are required for proper expression 
of Robo2 in embryonic neurons. 
 
BACKGROUND 
Robo2 is a transmembrane receptor 
Cell surface receptors (transmembrane receptors) play a pivotal role in cell signaling by binding 
to extracellular molecules. They grant cells access to communicate with the extracellular space. 
Ligand binding to a receptor on the surface facilitates subsequent intracellular reactions. Robo2 
is an integral Type 1 transmembrane protein. Type 1 transmembrane (TM) proteins have a single 
transmembrane stretch of hydrophobic residues. The NH2-terminal side of the TM is on the 
exterior side of the membrane and the COOH-terminal side is on the cytoplasmic side. 
 
Expression and overlapping of the robo receptors divide the neuropile into three distinct zones: 
medial, intermediate, and lateral. Axons of the medial zone express Robo, axons in the 
intermediate zone express Robo and Robo3, and axons of the lateral zone express Robo, Robo3, 
and Robo2. (Simpson et al., 2000) (Fig. 3.1) (Fig. 3.2) Evans et al. 2010 tested if a 
combinatorial code of all three Robo receptors ultimately influences the lateral position of CNS 
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axons. Results showed that it is the individual expression of Robo2 and Robo3 that dictates 
lateral positions of axons. Removal of endogenous robo and robo3 from embryos does not 
interfere with robo2’s ability to shift apterous axons laterally. Likewise, removal of robo2 or 
robo1 has little or no interference on robo3’s ability to move the apterous axons to move lateral 
pathways. This is a role not shared by robo. (Evans and Bashaw, 2010) 
 
Functional redundancy of Robo receptors 
Most of the Robo receptors have a conserved protein structure. In 1999 when Kidd et al. 
discovered the Robo receptor, it was described as the “gatekeeper” to regulate midline 
crossing. (Keleman et al., 2002, 2005) (Kidd et al., 1998) Later in the early 2000s, 
Rajagopalan and colleagues identified Robo2 in a screen that searched for genes with repulsive 
functions when expressed at high levels in the CNS. (Rajagopalan et al., 2000) The current 
model proposes that Robo2 shares an independent role with Robo1 and Robo3. Robo1 and 
Robo2 have midline repulsive functions while Robo2 and Robo3 share lateral positioning 
functions.  Moreover, Robo2 has a pro-crossing function that is not shared by the other Robo 
receptors. (Evans and Bashaw, 2010) (Simpson et al., 2000); (Spitzweck et al., 2010) How can 
a single gene regulate multiple axon guidance decisions? 
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Figure 3.1 The Robo code. In Drosophila, three Robo receptors respond to the common ligand 
Slit that is expressed by midline glia cells. These receptors are expressed in overlapping domains 
that divide the longitudinal sides into three distinct zones. Robo1 is most broadly expressed 
while Robo2 and Robo3 have a more restricted expression. Robo2 expression is restricted to the 
lateral longitudinal zone. Figure adapted from (Rajagopalan et al., 2000) 
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Figure 3.2 Robo family receptors are expressed in distinct patterns. (A) Stage 16 embryos 
stained with (mAb BP102) reveals the ladder-like scaffold of axon pathways in the CNS. (B) 
Anti-Robo shows that Robo protein is broadly expressed in the longitudinal tracts. (C) Anti- 
Robo3 reveals that Robo3 is expressed on the outer two-thirds of the longitudinal tracts. (D) A 
polyclonal antibody to Robo2 shows that Robo2’s expression is highly restricted to the lateral 
third of the longitudinal tracts. Figure adapted from (Simpson et al., 2000) 
44 
Genome editing: CRISPR/Cas9 
Genome editing is an emerging technology used for making precise genome modifications. 
There’s a great attraction for such biotechnology even for organisms in which targeted genome 
modifications have not been made. Technologies such as zinc-finger nucleases, (ZFNs), 
transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced 
short palindromic repeat (CRISPR)/CRISPR-associated (Cas) allow scientists to precisely 
create double-stranded breaks at sites in the organism of choice. 
 
Survivorship of bacteria and viruses is a constant battle between the prokaryotic organism 
and invading viruses. Defense mechanisms used by prokaryotes have evolved tremendously. 
Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated 
(cas) genes are leading forces in the defense against invading phages. The development of 
CRISPR/Cas9 in 2013 was groundbreaking in genome editing research. (Yamamoto, 2015). 
CRISPR is a segment of DNA in some prokaryote chromosomes (bacteria and archaea) that 
integrates short sequences of DNA derived from infecting viruses or plasmids. The locus 
includes tandem repeats and spacers. The repeats comprise the same sequence and the 
spacers include different sequences derived from exotic DNA. (Mojica et al., 2005) This 
system is used as adaptive immunity. Scientists can take advantage of these defense 
mechanisms used by bacteria to create molecular machinery to change an organism’s DNA 
code. 
 
Applications of CRISPR/Cas9 
There are two major components of the CRISPR/Cas9 system in genome editing: a guide 
RNA (gRNA) and a Cas9 protein with nuclease activity. (Fig. 3.3) The gRNA is composed of 
a CRISPR RNA (crRNA) and transactivating CRISPR RNA (tracrRNA); it responsible for 
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specific targeting of the CRISPR/Cas9 system. Most commonly used is a 100 base pairs 
gRNA. The targeting specificity is mostly dependent on a gRNA sequence with the help of a 
protospacer adjacent motif (PAM). The PAM sequence is specific to the species of bacteria. 
(Bolotin et al., 2005) Moreover, Streptococcus pyogenes Cas9 requires 5’-NGG-3’. (Jinek et 
al., 2012) 
 
Designing the CRISPR/Cas9 system 
Design of the CRISPR/Cas9 is equally important as the components. Construction of the single 
RNA (sgRNA) is usually the initial task of the process. Optimal design of the sgRNA is crucial 
for recruitment of Cas9 to the specific location of the genomic loci. The sgRNA design is based 
on CRISPR RNAs (crRNAs) and trans-activating CRISPR RNAs (tracrRNAs) that naturally 
exist in nature. The crRNAs grant the sgRNA specificity to Cas9. Moreover, tracrRNAs are 
required for the binding to Cas9. Although Cas9 is the enzyme that is mostly used, other 
enzymes such as Cas3 or Cas13 can be used. Once DNA has been cut, cells are charged with 
the task of repairing themselves. Researchers can use the cells’ own repair mechanisms to 
introduce or eliminate parts of the targeted DNA sequence. 
 
Homology directed repair 
DNA repair after double stranded breaks (DSB) is paramount to the stability of the genome. 
Apart from the double stranded breaks induced by scientists, intracellular (nucleases) and 
extracellular (ultraviolet light) can cause the same results. No matter how the DSB occurs, the 
repair mechanisms function in the same way. Eukaryotic cells primarily use two modes of 
repair after DSBs: non-homologous end joining (NHEJ) and homology directed repair (HDR). 
 
For years it has been possible to create specific genomic modifications using homology 
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directed repair (HDR) in Drosophila. HDR is the more accurate type of DSB repair. (Fig. 3.4) 
It uses longer stretches of sequence homology to repair DNA. Appropriate homology of the 
target DNA is required to create specific mutations in a gene. Typically, mutation sites are no 
more than 10 base pairs from the DSB. 
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Figure 3.3 Genomic modifications using CRISPR-Cas9 genome editing system. Schematic 
of DNA recognition and cleavage by gRNA directed Cas9 protein. Successful base pairing 
between the chimeric guide RNA (gRNA) and DNA allows for the target DNA to be cleaved by 
the Cas9 enzyme. The cut results in a blunt end upstream of the protospacer adjacent motif 
(PAM) site. The PAM site is absolutely required for DNA cleavage. Figure adapted from 
(Yamamoto, 2015) 
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Figure 3.4 Homology Directed Repair. Homology directed repair (HDR) is a type of 
homologous recombination where a DNA template is used to introduce the homology required 
for the repair of a double-stranded break (DSB).The template may naturally exist as sister 
chromatin in late S phase and G2 phase or it may be added artificially added.  HDR can seal the 
DSB in an error-free manner. Figure adapted from (Korppoo, 2017) 
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MATERIALS AND METHODS 
Generation and recovery of CRISPR-modified alleles: 
The robo2 gRNA and robo2
robo2Ig (1,2,3, 4, and 5) homologous donor plasmids were 
 
coinjected into nos-Cas9.P embryos (Port et al., 2014) by BestGene Inc. (Chino Hills, CA). 
Injected (G0) individuals were crossed as adults to Sco/CyOwg. F1 males were then crossed 
individually to Sco/CyOwg virgin females. After three days, the F1 males were removed from 
the crosses and tested by PCR with primers to confirm any changes in the robo2 locus. F2 
progeny from positive F1 crosses were used to generate balanced stocks, and the modified alleles 
were fully sequenced by amplifying the entire modified locus (approximately 6kb) from genomic 
DNA with primers 458 and 545 or 458 and 594, then sequencing the PCR product after cloning 
via CloneJET PCR cloning kit (Thermo Scientific). (Fig. 3.5) 
 
Construction of robo2 CRISPR gRNA plasmid: (Fig. 3.6) 
robo2 gRNA sequences were cloned into the tandem expression vector pCFD4 (Port et al., 2014) 
via PCR using primers 657 and 438, followed by Gibson assembly using the PCR product and 
BbsI-digested pCFD4 backbone. In both cases, an additional G nucleotide was added to the 
5’end of the gRNA target sequence to facilitate transcription from the U6-1 and U6-3 promoters. 
 
Immunohistochemistry 
Drosophila embryo collection, fixation, and antibody staining were carried out as previously 
described (in cell biology, 1994). The following antibodies were used: FITC-conjugated goat 
anti-HRP (Jackson Immunoresearch #123-095-021, 1:100), mouse anti-βgal (DSHB #40-1a, 
1:150) mouse anti-HA (Covance #MMS-101P-500, 1:1000), Cy3-conjugated goat anti-mouse 
(Jackson#115-165-003, 1:1000). Embryos were genotyped using balancer chromosomes carrying 
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lacZ markers, or by the presence of epitope-tagged transgenes. Nerve cords from embryos of the 
desired genotype and developmental stage were dissected and mounted in 70% glycerol/PBS. 
Fluorescent confocal stacks were collected using a Leica SP5 confocal microscope and 
processed by Fiji/ImageJ (Schindelin et al., 2012) and Adobe Photoshop software. DIC images 
were acquired using a Zeiss Axioskop 2 microscope attached to a Canon EOS Rebel T2i digital 
camera and processed by Adobe Photoshop software. 
 
Robo2 domain deletions: 
Robo2 variant deletions: Individual Robo2 Ig and Fn repeat deletions were generated via site- 
directed mutagenesis using Phusion Flash PCR MasterMix (Thermo Scientific), and completely 
sequenced to ensure no other mutations were introduced. Robo2 deletion variants include the 
following amino acid residues, relative to Genbank reference sequence AAF51375:  Robo2ΔIg1 
(186 –1463), Robo2ΔIg3 (90–280) (374-1463), Robo2ΔIg4 (90–373) (475-1463), Robo2ΔIg5 
(90–474) (572-1463). Fn domains have been re-annotated based on revised predictions of beta 
strand locations. (see appendix) 
 
Nanos-Cas-9 donor plasmid cloning: 
Individual Robo2 domain deletions were generated via site-directed mutagenesis (Quikchange) 
using Phusion Flash PCR MasterMix (Thermo Scientific), and completely sequenced to ensure 
no other mutations were introduced. All robo2 nanos-Cas-9 constructs include robo2 5’ UTR and 
signal sequences.
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Figure 3.5 CRISPR methods. Robo2 coding region was replaced with epitope-tagged cDNAs 
in which individual domains have been deleted. 
HDR 
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Figure 3.6 PCFD4 is a tandem expression vector. PCFD4 is a Drosophila expression vector 
used to simultaneously express two gRNA sequences from the U6-1 and U6-3 promoters. Figure 
adapted from (Port and Bullock, 2016) 
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Figure 3.7 CRISPR methods. The robo2 gRNA and robo2IgX homologous donor plasmids 
were coinjected into nos-Cas9.P embryos (Port, Chen, Lee, & Bullock, 2014a) by BestGene Inc. 
(Chino Hills, CA). Injected (G0) individuals were crossed as adults to Sco/CyOwg flies. F1 
males were then crossed individually to Sco/CyOwg virgin females. After three days, the F1 
males were removed from the crosses and tested by PCR. F2 progeny from positive F1 crosses 
were used to generate balanced stocks, and the modified alleles were fully sequenced by 
amplifying the entire modified locus (approximately 6.5kb) from genomic DNA. 
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Figure 3.8 Robo2 CRISPR validation. Schematic of robo2 replacement with full-length robo2 
cDNA and PCR confirmation of successful integration. 
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RESULTS 
A pCDF4 plasmid expressing two gRNAs under ubiquitous promoters was injected alongside 
the donor plasmid into Cas9 expressing germ line cells of Drosophila embryos containing the 
nanos promoter. (Port et al., 2014) G0 flies were crossed to a chromosome balancer stock. F1 
flies were then screened for changes in the coding sequence. F1 progeny was collected and 
screened by PCR for the presence of robo2 modified alleles. In order to compare the expression, 
localization, and activity of Robo2 domain deletion variants in vivo, I made CRISPR-Cas9 
constructs in which I deleted domains of choice from the endogenous robo2 locus. I am able to 
analyze and compare the expression of HA-tagged cDNAs encoding full-length Robo2 or each 
of our Robo2 Ig deletion variants. I was unable to generate the Ig2 deletion, so the results 
presented are Ig1, Ig3, Ig4, and Ig5. 
 
Ig1 and Ig3 domains are required for Robo2 localization in vivo 
The Ig1 and Ig3 domains of Drosophila Robo2 have previously been shown to have functions 
in the protein’s repulsive function and longitudinal pathway choice. (Evans and Bashaw, 2010) 
(Simpson et al., 2000) (Spitzweck et al., 2010) In order to evaluate the role that each 
extracellular domain plays in expression, localization, and stabilization of the Robo2 protein, I 
employed the CRISPR/Cas-9 genome editing system to individually delete them. The HA-
tagged cDNAs encoding Robo2 deletion variants were analyzed for proper protein expression 
and localization. On the contrary, deletion of the Ig4 or Ig5 domains does not interfere with the 
proper expression and localization of the protein. (Fig. 3.10) 
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Effects of deleting the Ig1 and Ig3 domains from Robo1 and Robo2 
Due to the evolutionary and structure conservation of the members of the Roundabout family, 
we assume that they are expressed and function in similar manners. Deleting the Ig1 domain 
from Robo1 and Robo2 causes the proteins to lose their midline repulsive functions in vitro (see 
Chapter 2), but it does not interfere with the protein localization of both. Conversely, deleting 
the Ig1 from Robo2 does not interfere with its midline repulsive function as it does when 
deleting the domain from Robo1 in vivo. When comparing the deletion of the Ig3 domain from 
Robo1and Robo2, the results are somewhat similar. Although deleting the Ig3 domain from 
Robo1 does not interfere with axonal localization, it does cause elevated expression in the cell 
bodies. (Fig.3.9) (Reichert et al., 2016) Moreover, Robo1∆Ig3 did not appear to be localized to 
the cell body plasma membrane, but remained within intracellular puncta, within the protein 
synthesis and transport pathway. The levels of axonal Robo1∆Ig3 appeared to be enough for 
normal signaling activity, as this variant rescued midline repulsion equally as well as the other 
Ig deletion variants. (Reichert et al., 2016) On the contrary, Robo2Ig3 does appear to be 
localized to the plasma membrane of the cell bodies. These results suggest that the Ig3 domain 
of Robo1 and Robo2 work similarly, but not identically to regulate the transport of both proteins 
to axons. 
 
Robo2’s Ig4 and Ig5 domains are not required for proper expression and localization of 
the protein 
I found that Robo2Ig4 and Robo2Ig5 variants were expressed at similar levels to full- 
length Robo2 and localized to axons in the embryonic ventral nerve cord. These variant 
Robo2 proteins were detectable in Robo2’s expression pattern. 
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Figure 3.9 Robo1Ig3 causes elevated expression in cell bodies. Stage 16 embryos stained 
with anti-HRP (magenta) and anti-HA (green). This embryo has the Robo1Ig3 expressed from 
the robo1 rescue transgene in a wild-type background. Results are similar to what I observe in 
Robo2Ig3. Figure adapted from (Reichert et al., 2016). 
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Figure 3.10 Analysis of protein expression of Robo2 variants. Stage 16 embryos stained with 
anti-HRP (magenta) and anti-HA (green). Embryos homozygous for CRISPR-modified alleles of 
robo2 were stained with anti-HA to reveal robo2’s expression. Deleting the Ig1 or Ig3 domains 
from Robo2 alters its localization in embryonic neurons but deleting the Ig4 and Ig5 has no 
effect on localization. Deleting the Ig1 and Ig3 domains result in increased cell body (arrow with 
asterisk) and decreased axonal expression (arrow). 
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Figure 3.11 Deleting the Ig1 domain of Robo2 and Robo3 causes protein mislocalization. 
Stage 16 embryos stained with anti-HRP (magenta) and anti-HA (green). Similar mislocalization 
results are shown when deleting the Ig1 domain of Robo2 and Robo3. However, the distribution 
of protein seems to be different. Cell body staining (arrow with asterick) of robo2
robo2

Ig1 
is more 
robust and broader than of robo3
robo3

Ig1
. These results are not shown when deleting the Ig1 
domain from Robo1. Figure includes unpublished data by Abigail Carranza. Arrow indicates 
axonal staining. 
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DISCUSSION 
I have shown that although the Ig1, Ig5, and Fn2 domains may be responsible for Robo2’s 
midline repulsive function, they are not required for stabilization and proper localization of the 
protein in vitro. (Chap. 2) In vivo data shows that Ig1 and Ig3 domains are required for the 
proper localization and expression of the Robo2 protein. These data suggest that the 
mechanisms used by the Robo2 protein differ in culture from the embryonic Drosophila CNS. 
 
Deleting the Ig1 domain of Robo2 and Robo3 causes protein mislocalization 
I show that deleting the Ig1 domain of Drosophila Robo2 causes the protein to be mislocalized. 
Similar results were observed when deleting the Ig1 domain from Robo3. Although 
mislocalization occurs in both Robo2Ig1 and Robo3Ig1, the protein distribution differs. 
While the protein expression of Robo2Ig1 is in a broader set of cell bodies; Robo3Ig1is only 
expressed in a restricted subset. (Fig. 3.11) Furthermore, the axonal expression of Robo3Ig1 
appears to be comparable to wildtype Robo3. This confirms that there is differential 
transcription of robo2 and robo3. 
 
Ig1 and Ig3 domains are required for Robo2 localization in vivo 
I used anti-HA antibodies to confirm expression of Robo2, Robo2Ig1, and Robo2Ig3 
transgenic protein on lateral axons. I found that the HA-tagged Robo2Ig1 and Robo2Ig3 
protein completely differs from the normal Robo2 expression pattern in the embryonic CNS: it 
is somewhat detectable in 1/3 width of the longitudinal connectives but is mostly mislocalized 
in the cell bodies of neurons. Previous data shows that the Ig1 and Ig3 domains have roles in the 
functions of Robo2. (Evans and Bashaw, 2010) Studies revealed that the Ig1 domain of Robo 
receptors is the dominant Slit-binding domain in both insects and vertebrates. (Fukuhara et al., 
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2008; Morlot et al., 2007) (Evans et al., 2010) showed that Robo2’s Ig1 and Ig3 domains are 
responsible for independently specifying its role in directing medial axons to lateral pathways. 
 
Our findings indicate that the Ig1 and Ig3 domains are required for proper expression and 
localization of the Robo2 protein. Deletion of the two domains results in the protein not being 
properly expressed and localized in the embryonic neuropile. Deletion of the Ig1 domain results 
in the Robo2 protein being expressed minimally on axons in the protein’s pattern. There is also 
robust expression on cell bodies outside of the neuropile. Although Robo2Ig3 is expressed on 
axons in Robo2’s pattern like Robo2Ig1, expression is restricted to a different subset outside 
of the neuropile. 
 
CONCLUSIONS 
Once proteins are synthesized and translated (primarily in the cytosol), trafficking and 
translocation is vital for them to retain proper function. Roughly half of proteins that are 
synthesized must be transported to their final destination. (Chacinska et al., 2009) Once the 
Robo2 protein is synthesized in the cell body of the of neuron, it is transported to the 
membrane. A signal sequence is responsible for transporting the protein to the growth cone of 
the axon. Deleting the Ig1 and Ig3 results in what seems to be the Robo2 protein not leaving 
the membrane of the cell bodies. Although the protein is stable, it is not transported correctly 
in animals expressing two copies of Robo2Ig1 and Robo2Ig3.Wildtype embryos 
expressing a HA-tagged Robo2 protein have distinct phenotype: robust axonal staining with 
minimal cell body staining. Protein expression of Robo2 differs when deleting the Ig1 domain 
vs. the Ig3 domain. Deletion of the Ig1 domain results in some cell body staining, but the 
protein is still heavily detectable on axons in Robo2’s pattern. On the other hand, deleting the 
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Ig3 domain results in more cell body staining with minimal staining in axons in Robo2’s 
pattern. These data suggest that the Ig1 and Ig3 domains regulate the localization of the 
protein in the Drosophila CNS; but the regulation may be mechanistically different. Does 
deletion of these domains cause the protein to be folded in a way that prevents the protein 
from being transported to its final destination on the growth cone? Does the Ig1 or Ig3 
domains contain signal sequences that are being cleaved but are paramount for the protein to 
be transported? 
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Chapter Four: 
Analyzing the function of CRISPR-Cas9 modified Robo2 expressing embryos 
Robo2 gRNAs and HA tagged donor plasmid were constructed by Marie Reichert.  
Dr. Timothy Evans assisted with recovery of modified CRISPR alleles. 
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ABSTRACT 
Drosophila Robo2 has a conserved extracellular domain structure of five immunoglobulin-like 
(Ig) domains and three fibronectin (Fn) repeats. It is a multifunctional receptor protein that 
regulates multiple axon guidance outcomes during development of the Drosophila embryonic 
CNS: 1) it prevents midline crossing of ipsilateral and post-crossing commissural axons in 
response to the repellant ligand Slit, 2) it promotes midline crossing of commissural axons non- 
autonomously by antagonizing Slit-Robo1 repulsion, and 3) it regulates the medial-lateral 
position of longitudinal axon pathways. The Ig1 domain has been shown to have a role in its 
midline repulsive function while having a role in lateral positioning of axons like the Ig3 
domain. The Ig2 domain is responsible for the pro-crossing function of Drosophila robo2. 
Extensive analysis of the roles of each domain of Robo2 has not been carried out. To determine 
which regions of Robo2 contribute to each of its axon guidance roles, I used a systematic 
CRISPR-Cas9 based gene modification approach to delete individual domains from robo2, and 
assay Robo2-dependent axon guidance decisions in embryos carrying these modified robo2 
alleles. Results show that deleting the Ig1 and Ig3 domains of Robo2 disrupts the function of the 
protein. 
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BACKGROUND 
Functional redundancy of the Robo receptors 
When Rajagopalan et al.2000 identified the robo2 gene, it was discovered to be expressed in 
the embryonic CNS during the time that axons are pathfinding. The question remained of 
whether Robo2 functions as a repulsive Slit receptor like Robo. (Rajagopalan et al., 2000) The 
extracellular domains of Robo1 and Robo2 are 37% identical. However, Robo2 lacks the CC2 
and CC3 motifs in the cytoplasmic domain. (Evans and Bashaw, 2010) These motifs play a 
vital role in preventing ectopic crossing in Robo1. Functional studies show that Robo2 (Fig. 
4.1) and Robo3 have distinct roles in axon guidance in the embryonic CNS. Robo1 and Robo2 
cooperate to signal midline repulsion of axons in response to Slit, Robo2, and Robo3 promote 
the formation of axon pathways in the lateral and intermediate regions of the neuropile, 
respectively, and Robo2 also promotes midline crossing in addition to its role in midline 
repulsion. (Simpson et al., 2000) (Evans and Bashaw, 2010; Spitzweck et al., 2010) (Evans & 
Bashaw, 2010) 
 
After crossing the midline, axons express Robo1 on their growth cones which in turn 
increases their sensitivity to Slit. After traveling to the opposite side of the midline, many 
commissural axons turn anteriorly or posteriorly to organize the neuropile into longitudinal 
pathways.  The Robo code is important for the formation and medial-lateral positioning of 
these pathways. (Howard et al., 2019) 
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Figure 4.1 Robo2 has a distinct guidance role not shared by Robo1 and Robo3. Although 
Robo2 and Robo3 share similar ectodomains with Robo1, Robo1 does not share their lateral 
positioning function. The extracellular domains of Robo2 contribute to its distinct functions. 
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Robo1 and Robo2 mediate midline repulsion 
Robo1 and Robo2 together play roles in midline repulsion in the embryonic CNS.  Although 
Robo1 is continuously expressed by all neurons, Robo2 has a more dynamic expression 
pattern. (Simpson et al., 2000) While Robo1 has such a broad expression on axons in the 
embryonic CNS, most axons will still cross the midline. Two mechanisms have been identified 
to be vital in preventing Slit-Robo1 repulsion. Commissureless (Comm) prevents newly 
synthesized Robo1 proteins from reaching the growth cone surface as commissural axons are 
growing towards and across the midline and Robo2 antagonizes repulsive signaling by 
inhibiting Robo1 from reaching the surface. (Evans et al., 2015) (Keleman et al., 2002) 
(Keleman et al., 2005) (Kidd et al., 1998) (Tear et al., 1996) 
 
Commissureless (comm) is a transmembrane protein that is also a sorting receptor for Robo. In 
embryos that lack comm function, axons do not extend across the midline. Comm is one of few 
molecules that have been identified to play an important role in axon guidance at the midline. 
Once axons have crossed the midline, Robo levels increase preventing them from re-crossing. 
Orthologs of comm have not been identified outside of insects, and vertebrates have acquired 
distinct regulatory mechanisms to prevent premature Slit-Robo repulsion in commissural 
axons. (Chen et al., 2008) (Jaworski et al., 2010) Ig1 is the only immunoglobulin-like domain 
that is required for the midline repulsive activity of Drosophila Robo1. Deleting any of the 
other four Ig domains individually does not interfere with the structure or confirmation of 
Robo1 in a way that disrupts its repulsive signaling in vivo. robo2 mutants display phenotypes 
of milder ectopic crossing and breaks in the most lateral longitudinal pathway. (Simpson et al., 
2000) 
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Robo2 and Robo3 mediates longitudinal pathway choice 
The members of the Roundabout family in Drosophila (Robo1, Robo2, Robo3) share a 5+3 
conserved protein structure. This conserved structure includes five immunoglobulin-like (Ig) 
domains, three fibronectin (Fn) type -III repeats, a transmembrane (TM) domain, and two to 
four cytoplasmic motifs. (CC0, CC1, CC2, and CC3) (Evans et al., 2015) (Keleman et al., 
2002a) (Keleman et al., 2005a) (Kidd et al., 1998) (Tear et al., 1996) Robo2 shares a closer 
structure conservation with Robo3 than with Robo1. They both have relatively large first 
introns and they lack two of four cytoplasmic motifs. (Simpson et al., 2000)  
Replacing the ectodomains of Robo2 and Robo3 with the ectodomain of Robo1 does alter or 
eliminate the receptor’s ability to position axons laterally. (Evans and Bashaw, 2010) Though 
we somewhat understand the mechanisms that Robo2 uses to regulate this activity, we do not 
understand how Robo3 does. Do the receptors identically regulate the lateral positioning 
function? 
 
Robo2’s Ig domains play important roles in its functions 
Robo2 is part of a family of proteins that are highly conversed amongst animals. Drosophila 
Robo2 plays at least three distinct roles in axon guidance in the fly embryo (midline repulsion, 
pro-midline crossing, and lateral positioning). Mis-expressing Robo2 in all neurons results in 
phenotypes that differ from a strict repulsive function of Robo2. (Evans and Bashaw, 2010) 
Robo2 mutant embryos display diverse axon guidance defects that strongly imitate the 
independent roles of Robo2. (Fig. 4.1) Unlike the other two Robo receptors, Robo2 can also tell 
axons to cross the midline in addition to telling them not to. (Evans and Bashaw, 2010) 
(Simpson et al., 2000a) (Spitzweck et al., 2010) 
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Structure of Robo2 
Nearly all Robo receptors have a 5 Ig + 3 Fn ectodomain structure. Like Robo1, Robo2 is 
expressed on growth cones and bind to Slit. The Ig1 domain of Drosophila Robo2 has been 
shown to have equally important roles in Slit binding as Robo1. (Evans et al., 2015) 
(Fukuhara et al., 2008) (Morlot et al., 2007) Although Robo2 and Robo3 share structure 
conservation with Robo1, they are more identical to each other sharing 49% conservation. 
 
Robo2 and Slit binding 
Disruption of Robo2’s axon guidance roles can be accomplished by deleting individual Ig 
domains. Previous studies show that deleting the Ig1 domain prevents binding of the Slit 
ligand. This deletion ultimately causes axons to ectopically cross the midline. Importantly, 
deleting the Ig2 domain does not hinder Slit from binding. In contrast, deleting Robo2’s Ig2 
domain interferes with its pro-crossing role but deleting Ig1 does not. (Evans et al., 2015) (Fig 
4.2) Slit signals through Roundabout (roundabout) paralogs Robo1, Robo2, and Robo3. 
(Morlot et al., 2007) showed that Slit binds to the Ig1 domain of Robo1 with its leucine rich 
repeat (LRR) 2 domain. Previous studies show that deleting the Ig1 domain from Robo1 
strongly disrupts Slit binding and its ability to keep axons from crossing the midline. (Brown et 
al., 2015)
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MATERIALS AND METHODS 
Generation and recovery of CRISPR-modified alleles: 
The robo2 gRNA and robo2
robo2Ig (1,2,3, 4, and 5) homologous donor plasmids were 
 
coinjected into nos-Cas9.P embryos (Port et al., 2014) by BestGene Inc. (Chino Hills, CA). 
Injected (G0) individuals were crossed as adults to Sco/CyOwg. F1 males were then crossed 
individually to Sco/CyOwg virgin females. After three days, the F1 males were removed from 
the crosses and tested by PCR with primers to confirm any changes in the robo2 locus. F2 
progeny from positive F1 crosses were used to generate balanced stocks, and the modified 
alleles were fully sequenced by amplifying the entire modified locus (approximately 6kb) from 
genomic DNA with primers 458 and 545 or 458 and 594, then sequencing the PCR product after 
cloning via CloneJET PCR cloning kit (Thermo Scientific). (see appendix) 
 
Construction of robo2 CRISPR gRNA plasmid: 
robo2 gRNA sequences were cloned into the tandem expression vector pCFD4 (Port and 
Bullock, 2016) via PCR using primers 657 and 438, followed by Gibson assembly using the PCR 
product and BbsI-digested pCFD4 backbone. In both cases, an additional G nucleotide was added 
to the 5’end of the gRNA target sequence to facilitate transcription from the U6-1 and U6-3 
promoters. 
 
Immunohistochemistry 
Drosophila embryo collection, fixation, and antibody staining were carried out as previously 
described (in cell biology, 1994). The following antibodies were used: FITC-conjugated goat 
anti-HRP (Jackson Immunoresearch #123-095-021, 1:100), mouse anti-βgal (DSHB #40-1a, 
1:150) mouse anti-Fasciclin II (Developmental Studies Hybridoma Bank [DSHB] #1D4, 
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1:100, Cy3-conjugated goat anti-mouse (Jackson #115-165-003, 1:1000). 
Embryos were genotyped using balancer chromosomes carrying lacZ markers, or by the 
presence of epitope-tagged transgenes. Nerve cords from embryos of the desired genotype and 
developmental stage were dissected and mounted in 70% glycerol/PBS. Fluorescent confocal 
stacks were collected using a Leica SP5 confocal microscope and processed by Fiji/ImageJ 
(Schindelin et al., 2012) and Adobe Photoshop software. 
 
Robo2 domain deletions: 
Robo2 variant deletions: Individual Robo2 Ig and Fn repeat deletions were generated via site- 
directed mutagenesis using Phusion Flash PCR MasterMix (Thermo Scientific) and completely 
sequenced to ensure no other mutations were introduced. Robo2 deletion variants include the 
following amino acid residues, relative to Genbank reference sequence AAF51375:  
Robo2ΔIg1 (186 –1463), Robo2ΔIg3 (90–280) (374-1463), Robo2ΔIg4 (90–373) (475-1463), 
Robo2ΔIg5 (90–474) (572-1463). Fn domains have been re-annotated based on revised 
predictions of beta strand locations. (see appendix) 
 
Nanos-Cas-9 donor plasmid cloning: 
Individual Robo2 domain deletions were generated via site-directed mutagenesis using 
Phusion Flash PCR MasterMix (Thermo Scientific), and completely sequenced to ensure no 
other mutations were introduced. All robo2 nanos-Cas-9 constructs include robo2 5’ UTR and 
signal sequences. 
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RESULTS 
To assess the roles of each Ig domain of Robo2, I used CRISPR-Cas9 to individually delete 
them. After confirming successful deletion of each domain via sequencing, I stained stage 16 
embryos with anti-FasII and anti-HRP.  By stage 16 in development, axons expressing the 
Robo2 protein have made their ultimate decision to turn anteriorly or posteriorly in the most 
lateral of the longitudinal pathways. Moreover, by this point, FasII positive axons are in three 
major longitudinal pathways. Fasciclin II (Fas II) is a well-characterized cell adhesion molecule 
that is expressed on a subset of longitudinal axon pathways. (Grenningloh et al., 1991) Genetic 
analysis revealed that is it a pathway label. Experiments by Lin et. al 1994 showed that FasII 
loss-of-function led to a complete or partial disruption in the three major pathways. (Lin et al., 
1994) (Fig. 4.3) I was unable to generate the Ig2 deletion, so the results presented are Ig1, Ig3, 
Ig4, and Ig5. 
 
Robo2Ig1 is not individually required for the midline repulsive function in the Drosophila 
embryonic midline 
 
Previous data show that the Ig1 domain facilitates the midline repulsive function of Robo1 and 
Robo2 receptors. Ig1 domain of Robo receptors houses the site for its ligand Slit to bind. 
Deleting the Ig1 domain from Robo2 does not cause axons to ectopically cross the midline. 
These data suggest that the midline repulsive function of Robo2 is not Slit dependent or the Ig1 
domain of Robo2 is not where Slit binds. We know that the latter is not true. Evans et. al 2015 
showed that deleting the Ig1 domain of Robo2 strongly disrupts Slit binding. in Drosophila 
cultured cells. In robo2robo2Ig1 homozygous embryos, 3% of segments show midline ectopic 
crossing. These results are comparable to the 0% observed in the robo2robo2 homozygous 
embryos and close to the 6% observed in embryos expressing two copies of robo2123   
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Robo2Ig3 is dispensable for Robo2’s midline repulsive function in Drosophila embryonic 
CNS 
 
Previous experiments provide evidence that the Ig1 and Ig3 domains of Robo2 can 
independently redirect medial axons to the lateral position. (Evans & Bashaw, 2010) Currently, 
there are no data that link the Ig3 domain to the midline repulsive function of Robo2. Here, I 
show that Ig3 is dispensable for midline repulsion. In embryos expressing two copies of 
Robo2Ig3, I observe some axons that ectopically cross the midline in a manner that mimics 
robo2 null mutants. robo2 mutants have a less severe phenotype than robo1 mutants. robo1 
mutants have 100% segments with ectopic midline crossing. (Brown et al., 2015) robo2 mutants 
display a mildly disorganized axon scaffold. (Simpson et al., 2000a)Although I observe this 
phenotype, only 4% of segments have ectopic crossing. These observations are close to the 0% 
observed in robo2robo2 homozygous embryos. Furthermore, robo2123 homozygous embryos show 
6% of segments having ectopic crossing.  
Robo2Ig4 and Robo2Ig5 are not required for Robo2’s midline repulsive function 
There is currently no data on the roles of the Ig4 and Ig5 domains in Robo2’s midline repulsive 
function. To test if these domains are important for midline repulsion, I looked at the VNC of 
animals expressing two copies of each transgene stained with anti-FasII and anti-HRP. In wild- 
type embryos, I can observe distinct longitudinal pathways that do not cross the midline. 
Individual deletions of these two domains yield results that are comparable to wildtype 
embryos. I observe no axonal ectopic midline crossing in segments of robo2robo2Ig4 and 
robo2robo2Ig5 embryos. 
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Ig domains are dispensable for the lateral positioning function of Robo2 
Chimeric experiments determined that the Ig1 and Ig3 domains regulate longitudinal pathway 
choice by distinct mechanisms. Pan-neuronal misexpression studies of Robo2 showed 
disruptions in longitudinal pathway formation. The disruptions appeared to be due to the Ig3 
domain. Replacing the Ig1-Ig3 domains of Robo2 with Robo eliminated its ability to specify 
lateral positioning. (Evans and Bashaw, 2010) Do the Ig4 or Ig5 domains have a role in lateral 
positioning activities? I assessed the VNC of animals expressing two copies of each transgene 
stained with anti-FasII and anti-HRP. Embryos expressing two copies of robo2Ig4 or 
robo2Ig5 show no statistical difference from embryos expressing robo2robo2. In fact, 
embryos carrying two copies of robo2Ig4 or robo2Ig5 have less lateral pathway breaks 
than the control rescue. (robo2robo2). Lateral pathways fail to form in 34 % of segments in 
those embryos. Lateral pathways fail to form in 23% and 11% of segments in robo2robo2Ig4 
and robo2robo2Ig5 homozygous embryos, respectively. 
 
No dominant negative effects observed in embryos carrying only one copy of CRISPR-
Cas9 modified Robo2 
Heterozygous animals containing one copy of the CRISPR modified allele and one copy of 
endogenous robo2 display a wildtype axon scaffold. FasII staining shows that each modified 
protein appears to be properly localized to three distinct longitudinal pathways and absent from 
commissures. This data supports robo2 mutations being recessive. 
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Figure 4.2. Robo2 gain of function experiments. (A-C’) Drosophila cultured cells were forced 
to expressed HA-tagged Robo2 receptors. Cells were conditioned with Slit media. Anti-HA 
shows expression of Robo2 receptors (magenta) while anti-Slit is shown in green. (B’) Little to 
no Slit binding is detected when deleting the Ig1 domain from Robo2. (D-F) Anti-HRP 
(magenta) labels the axon scaffold and anti-GFP (green) labels the Eg neurons. Percentages 
represent EW neurons that fail to cross the midline. EW neurons of stage 16 embryos with 
wildtype Robo2 (D) and Robo2Ig2 (F) have strong disruptions in midline crossing. Embryos 
expressing Robo2Ig1 have minimal disruptions in midline crossing. 
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Figure 4.3. The Roundabout receptor mutants have distinct phenotypes. Stage 16 embryos 
stained with anti-FasII (green) and anti-HRP (magenta). Wildtype embryos display a ladder-like 
phenotype. FasII positive axons do not ectopically cross the midline but are in three distinct 
pathways on both side of the midline. robo1 null mutants have ectopically crossing axons in 
every segment. robo2 null mutants have mild ectopic crossing with breaks in the lateral pathway. 
Loss of robo3 results in the medial and intermediate pathways not being able to separate and 
breaks in the intermediate pathway. 
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Figure 4.4. Ig domains are not individually required for lateral positioning function of 
Robo2. Embryos homozygous for CRISPR-modified alleles of robo2 were stained with anti-
FasII to examine longitudinal pathway formation. FasII-positive axon pathway formations of 
full- length CRISPR control embryos and embryos expressing robo2∆Ig4 and robo2Ig5 are 
indistinguishable. Phenotypic midline crossing defects can be observed in robo2roboIg1 and 
robo2robo2Ig3 homozygous embryos Bar graphs show quantification of ectopic midline crossing 
and lateral positioning defects in the genotypes shown. Numbers above each bar indicate number 
of embryos scored. Error bars indicate standard error. The extent of rescue for each Ig deletion 
variant was compared to robo2
robo2 
embryos (C) by Student’s t-test, with a Bonferroni correction 
for multiple comparisons (*p<0.01 compared to robo2
robo2
). robo2123 is the null robo2 allele. 
Wildtype embryos are Canton S. 
80 
 
 
Figure 4.5. There are no dominant negative effects in animals expressing one copy of 
transgenic Robo2. When expressing any of our Robo2 deletions in an otherwise wild-type 
background, I observe phenotypes that look wildtype. 
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DISCUSSION 
The Ig1 domain of Robo1 has previously been shown to be the only Ig domain that is required 
for its Slit binding and midline repulsive functions in the embryonic CNS. (Brown et al., 2015) 
(Reichert et al., 2016) Although deletion of this domain does not interfere with the expression 
and localization of the Robo1 protein in embryonic neurons, it does completely disrupt its 
ability to regulate midline repulsion. (Brown et al., 2015) The research shown in this chapter 
takes a closer look at the roles of Ig1 and other Ig domains in Robo2’s midline repulsive and 
lateral positioning functions. Is Robo2Ig1 as equally important as Robo1Ig1 in midline 
repulsion? What roles do the other domains play in the functions of Robo2? 
 
Robo2 domains aren’t individually responsible for its functions 
I have shown the functional importance of four of the five immunoglobulin-like (Ig) domains of 
the Drosophila Robo2 receptor. I individually deleted the Ig domains and examined the effects 
on Robo2’s ability to regulate midline repulsion and longitudinal pathway choice in vivo by 
comparing each deletion to robo2robo2(control rescue) homozygous embryos. Results show that 
although the Ig1 and Ig3 domains may be involved in Robo2’s midline repulsion and lateral 
pathway positioning functions, deleting them do not show any statistical difference from 
robo2robo2 embryos. Deleting the Ig1 domain leads to breaks in the lateral pathway of 32% of 
segments. Moreover, deleting the Ig3 domain causes breaks in the lateral pathway of 40% of 
segments.  Taken together with 34% of segments having lateral pathway breaks in the control 
rescue embryos, these results indicate that full-length Robo2 may not be fully rescuing the lateral 
pathway formation function of Robo2. All Robo2 variants show no statistical differences from 
the control rescue embryos. 
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ROBO2 CRISPR VARIANTS ARE STATISTICALLY DIFFERENT FROM ROBO2 
MUTANTS 
Not only was each Robo2 protein variant assessed to show how well they rescue the roles of 
Robo2, but I compared them to homozygous embryos of robo2123. Data shows that each variant 
can rescue the midline repulsive and lateral positioning functions of the Robo2 protein relatively 
close to the control rescue. Furthermore, each Robo2 variant is statistically different from the 
null (robo2123) embryos, including embryos that are phenotypically different from the control 
rescue (robo2robo2Ig1and robo2robo2Ig3)  
 
 To further decipher the roles of the Ig1 and Ig3 domains in Robo2’s proper expression and 
function, a single cell analysis such as MARCM (Kao and Lee, 2012; Lee and Luo, 2001) could 
allow us to isolate single neurons. Not only can MARCM provide insight on the guidance of 
neurons expressing Robo2, but it can help us answer questions on the expression patterns of each 
variant Robo2 protein and determine the cell autonomous role of Robo2 using established fly 
lines. 
 
Robo2 Ig domains are individually dispensable for the functions of Drosophila Robo2 
 
Individually deleting the Ig1,3,4, and 5 domains of Robo2 does not significantly disrupt the FasII 
pathways or cause ectopic crossing in embryos expressing variant Robo2 proteins, suggesting 
these domains do not independently play a role in the functions of Robo2. While I do observe 
phenotypic differences in embryos expressing robo2Ig1 or robo2Ig3, those expressing 
Robo2Ig4 or Robo2Ig5 are phenotypically close to wildtype embryos. 
 
83 
Robo2 may function differently than Robo1 
 
The Ig1 domain of Robo1 is required for midline repulsion. Due to the structure conservation of 
the Robo receptors, we expect to Robo2 to share this requirement. However, the data that has 
been presented is not alarming since all embryos expressing modified versions of the Robo2 
protein still express wildtype Robo1. Robo1 is the primary receptor and is broadly expressed in 
the neuropile of the embryonic CNS. Evidence has been provided that the Ig1 domain is 
important for Slit binding in Robo2. Although this necessity is shared among Robo1 and Robo2, 
regulation of midline repulsion does not appear to be the same. Examining robo2Ig1 in a robo1 
mutant background could provide insight into if the Ig1 domain of Robo2 is important for its 
midline repulsion function. Does Robo2 form a complex with Robo1 and Slit? If this is true, 
Robo2’s midline repulsive function may be dependent on the presence of Robo1 and its 
interaction with Slit. Biochemical analysis may be required to determine if this complex happens 
during the CNS development in the fruit fly. 
CONCLUSIONS 
I have presented a functional analysis of four immunoglobulin-like domains of Drosophila 
 
Robo2. Functional studies done by Evans et al. 2010 described the roles of the Ig1 and Ig3 
domains in Robo2’s function. Here, I present the first data that characterizes the Ig4 and Ig5 
domains. By individually deleting each domain I show that the Ig domains of Rob2 appear to be 
individually dispensable for its functions. Notably, when deleting the Slit binding domain (Ig1), 
Robo2 does not lose its midline repulsive function. It will be interesting to determine if these 
results are due to Robo2s’ functions having a Robo1 dependency.
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Chapter Five:  
Conclusions and Future Directions 
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The objective of this research was to do an in vivo and in vitro structure and function analysis of 
Drosophila Robo2. I individually deleted four of the five Ig domains of Robo2 and found that all 
the domains except for Ig1, Ig5 and Fn2 are dispensable for Slit binding in vitro. However, 
modifying these domains did not alter the expression and localization of the Robo2 protein. On 
the other hand, in vivo data shows that deleting the Ig1 and Ig3 domains from Robo2 does cause 
the protein to be mislocalized with higher expressions in the cell bodies. I also discovered that 
the Ig1 and Ig3 domains may be required for the receptor’s midline repulsive and lateral 
positioning functions in vivo. The Ig4 and Ig5 domains appear to be dispensable for the 
functions. I cannot completely draw conclusions on the Ig1 and Ig3 domains since deleting them 
causes the protein not to be transported in the correct manner. 
 
With these results, I can conclude that the domains of Robo2 are mechanistically different in 
vivo and in vitro. Although the Ig1 and Ig3 domains appear to be required for the Robo2 protein 
to be expressed properly in the embryonic CNS of Drosophila, individually deleting all domains 
in cell culture does alter the protein expression. Expression of each HA-tagged Robo2 variant is 
comparable to the wild-type expression. In order to look more closely at the Ig1 and Ig3 domains 
would be to do SDS-page and western blot analysis on embryos expressing the modified 
versions of Robo2 (stated above) to determine if there is a significant difference in the amount of 
protein being synthesized when these domains are deleted. 
 
For a closer look at the cell culturing results, experiments will be needed to determine how the 
Ig1, Ig5, and Fn2 domains are involved in Slit binding. Again, I suggest that protein analysis 
with SDS- page and western blots would be a starting point to determine protein levels. To 
completely understand the results observed, biochemical analysis of Drosophila Robo2 will 
eventually be required to monitor misfolding. Furthermore, observing the robo2Ig1 and 
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robo2Ig3 domains in a robo mutant background would give insight on if the functions of 
Robo2 are Robo1 dependent. 
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APPENDIX 1: INSTITUTIONAL BIOSAFETY COMMITTEE APPROVAL LETTER 
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APPENDIX 2: LIST OF GENERATED STOCKS 
 
Robo2Ig1/ CyO,wg 
 
Robo2Ig3/ CyO,wg 
 
Robo2Ig4/ CyO,wg 
 
Robo2Ig5/ CyO,wg 
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APPENDIX 3: PLASMID CONSTRUCTION MAPS-plasmid maps of plasmids 
made by me. Each map includes descriptions of vectors, inserts, epitope tags, 
primers used, and restriction enzyme locations. 
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Plasmid: pAWHARobo2                                                      sequenced:yes 
Date: Spring 2018                                                                transgenics:no 
Description:  
empty vector  
 
 
 
 
 
 
Construction:  
Gibson 
Assembly  
 
 
 
 
 
 
Map:  
 
 
 
Robo2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
pAW  
 
 
 
 
 
 
 
Antibiotic resistance: 
AMP  
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Plasmid: pAWHARobo2Ig1                                              sequenced:yes 
Date: Spring 2018                                                                transgenics:no 
Description:  
empty vector  
 
 
 
 
 
 
Construction:  
Gibson 
Assembly  
 
 
 
 
 
 
Map:  
 
 
 
Robo2Ig1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
pAW  
 
 
 
 
 
 
 
Antibiotic resistance: 
AMP 
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APPENDIX 4.1: ECTOPIC MIDLINE CROSSING AND LATERAL POSITIONING 
DEFECTS DATA 
 
  
robo2^123 (null)
embryo 1 2 3 4 5 6 7 8 9 n avg std dev s.e.m.
midline 0 0 0 28.6 0 14.3 14.3 0 0 9 6.355556 10.38871 3.462903
lateral 92.3 78.6 71.4 85.7 42.9 100 92.9 100 92.9 9 84.07778 18.09446 6.031486
robo2^robo2 
embryo 1 2 3 4 5 6 7 8 9 10 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 0 10 0 0 0
lateral 71.4 0 14.3 78.6 85.7 57.1 7.18 28.6 0 0 10 34.288 35.27378 11.15455
robo2dIg1 homoz
embryo 1 2 3 4 5 6 7 8 9 n avg std dev s.e.m.
midline (% segments with ectopic crossing in each embryo) 0 0 0 0 0 0 14.3 14.3 0 9 3.177778 6.305707 2.101902
lateral (% hemisegments with lateral pathway defects) 0 21.4 78.6 50 78.6 7.14 57.1 0 0 9 32.53778 33.72111 11.24037
robo2dIg3 homoz
embryo 1 2 3 4 5 6 7 8 9 10 n avg std dev s.e.m.
midline 28.6 0 0 0 0 0 0 0 14.3 0 10 4.29 9.651764 3.052156
lateral 0 21.4 42.9 50 92.9 64.3 50 78.6 0 0 10 40.01 33.71981 10.66314
robo2dIg4 homoz
embryo 1 2 3 4 5 6 7 8 9 10 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 0 10 0 0 0
lateral 64.3 50 21.4 28.6 21.4 0 0 0 28.6 14.3 10 22.86 21.51233 6.802797
robo2dIg5 homoz
embryo 1 2 3 4 5 6 7 8 9 10 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 0 10 0 0 0
lateral 0 0 28.6 28.6 7.14 0 21.4 21.4 0 0 10 10.714 12.71448 4.020671
t-test: midline crossing FL vs dIg1 0.169020203
t-test: midline crossing robo2^123 vs dIg1 0.446627896
t-test: lateral positioning FL vs dIg1 0.913294054
t-test: lateral positioning robo2^123 vs dIg1 0.001572424
t-test: midline crossing FL vs dIg3 0.19342206
t-test: midline crossing robo2^123 vs dIg3 0.660369884
t-test: lateral positioning FL vs dIg3 0.715120367
t-test: lateral positioning robo2^123 vs dIg3 0.002896666
t-test: midline crossing FL vs dIg4 0
t-test: midline crossing robo2^123 vs dIg4 0.103786492
t-test: lateral positioning FL vs dIg4 0.395643846
t-test: lateral positioning robo2^123 vs dIg4 3.57277E-06
t-test: midline crossing FL vs dIg5 0
t-test: midline crossing robo2^123 vs dIg5 0.103786492
t-test: lateral positioning FL vs dIg5 0.071563136
t-test: lateral positioning robo2^123 vs dIg5 7.0827E-08
t-test: midline crossing CS vs dIg1-het 0
t-test: midline crossing CS vs dIg3-het 0
t-test: midline crossing CS vs dIg4-het 0
t-test: midline crossing CS vs dIg5-het 0
t-test: midline crossing CS vs dIg1-het 0.892463142
t-test: midline crossing CS vs dIg3-het 0.966648739
t-test: midline crossing CS vs dIg4-het 0.470489857
t-test: midline crossing CS vs dIg5-het 0.075884599
robo2dIg1-het
embryo 1 2 3 4 5 6 7 8 9 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 9 0 0 0
lateral 0 0 0 0 35.7 0 14.3 0 0 9 5.555556 12.25358 4.084527
robo2dIg3-het
embryo 1 2 3 4 5 6 7 8 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 8 0 0 0
lateral 0 0 0 0 21.4 0 14.3 0 8 4.4625 8.478028 2.997436
robo2dIg4-het
embryo 1 2 3 4 5 6 7 8 9 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 9 0 0 0
lateral 14.3 0 50 0 28.6 0 0 0 0 9 10.32222 17.90082 5.966941
robo2dIg5-het
embryo 1 2 3 4 5 6 7 8 9 10 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 0 10 0 0 0
lateral 57.1 28.6 14.3 0 0 0 42.9 35.7 0 21.4 10 20 20.69815 6.545329
robo2^123-het
embryo 1 2 3 4 5 6 7 8 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 8 0 0 0
lateral 21.4 0 14.3 0 35.7 0 0 0 8 8.925 13.6261 4.817555
Canton S (wildtype)
embryo 1 2 3 4 5 6 7 8 9 n avg std dev s.e.m.
midline 0 0 0 0 0 0 0 0 0 9 0 0 0
lateral 0 0 42.3 0 0 0 0 0 0 9 4.7 14.1 4.7
t-test: midline crossing FL vs Null/+ 0
t-test: lateral positioning FL vs Null/+ 0.058604402
t-test: midline crossing CS vs Null/+ 0
t-test: lateral positioning CS vs Null/+ 0.539689043
-20
0
20
40
60
80
100
1 2 3 4 5 6%
 s
eg
m
en
ts
 o
f 
Fa
sI
I 
p
o
si
ti
ve
 a
xo
n
s 
w
it
h
 e
ct
o
p
ic
 m
id
lin
e 
cr
o
ss
in
g
0
10
20
30
40
50
60
70
80
90
100
1 2 3 4 5 6
%
 s
eg
m
en
ts
 o
f 
Fa
sI
I 
p
o
si
ti
ve
 a
xo
n
s 
w
it
h
 e
ct
o
p
ic
 m
id
lin
e 
cr
o
ss
in
g
115 
 
Appendix 4.1 Ectopic midline crossing and lateral positioning breaks data Ectopic crossing 
of FasII-positive [medial] pathways that occurred in abdominal segments one (A1) through 
eight (A8) were noted for up to ten embryos of each genotype; where “percent segments with 
ectopic FasII crossing” refers to the number of segments in which ectopic crossing was 
observed out of the total number of segments scored in that embryo. The same was done for 
lateral positioning breaks. A Student’s t-test was used to compare the deletion variant back to 
the full-length rescue, with a Bonferroni correction (*p<0.05).   
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APPENDIX 4.2-4.13: RAW SCORING DATA 
 
 
date:9.24.18                                         
                                         
 
genotype:robo2^robo2 homoz.                                    
                                         
                                         
segment A1 A2 A3 A4 A5 A6 A7 A8 
hemisegment  L R  L R  L R  L R  L R  L R  L R  L R FasII pathway M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L 
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embryo 11                                         
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embryo 13                                         
embryo 14                                         
embryo 15                                         
                                         scoring for medial pathway (M):                                    - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.2. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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date:9.24.18                                         
                                         
 
genotype:  robo2^123  homoz.                                    
                                         
                                         
segment A1 A2 A3 A4 A5 A6 A7 A8 
hemisegment  L R  L R  L R  L R  L R  L R  L R  L R FasII pathway M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L 
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                                         scoring for medial pathway (M):                                    - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.3. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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date:08.23.18                                         
                                         
 
genotype:robo2dIg1/robo2dIg1                                    
                                         
                                         
segment A1 A2 A3 A4 A5 A6 A7 A8 
hemisegment  L R  L R  L R  L R  L R  L R  L R  L R FasII pathway M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L 
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                                         scoring for medial pathway (M):                                    - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.4. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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date:7.30.18                                         
                                         
 
genotype:robo2DIg1/+                                       
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                                         scoring for medial pathway (M): 
                                   - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.5. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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genotype:robo2dIg3 homoz.                                     
                                         
                                         
segment A1 A2 A3 A4 A5 A6 A7 A8 
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embryo 15                                         
                                         scoring for medial pathway (M):                                    - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.6. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
121 
 
 
 
date:6.23.18                                         
                                         
 
genotype:robo2dIg3/+                                       
                                         
                                         
segment A1 A2 A3 A4 A5 A6 A7 A8 
hemisegment  L R  L R  L R  L R  L R  L R  L R  L R FasII pathway M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L 
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                                   - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.7. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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segment A1 A2 A3 A4 A5 A6 A7 A8 
hemisegment  L R  L R  L R  L R  L R  L R  L R  L R FasII pathway M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L M I L I L 
embryo 1 - 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
x 
 
- 
 
x 
- 
 
- 
 
x 
 
- 
 
- 
- 
 
- 
 
x 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
x 
 
x 
 
- 
 
x 
- 
 
x 
 
x 
 
x 
 
x      
embryo 2 - 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
x 
 
- 
 
x 
- 
 
- 
 
x 
 
- 
 
- 
- 
 
x 
 
x 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
- 
 
x 
 
x      
embryo 3 - 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
x 
 
x      
embryo 4 - 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
x 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
-      
embryo 5 - 
 
- 
 
- 
 
- 
 
x 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
x 
 
x 
 
x 
 
x      
embryo 6 - 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
-      
embryo 7 - 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
-      
embryo 8 - 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
-      
embryo 9 - 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
x 
 
- 
 
x 
- 
 
- 
 
x 
 
- 
 
x      
embryo 10 - 
 
- 
 
x 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
x 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
- 
- 
 
- 
 
- 
 
- 
 
-      
embryo 11                                         
embryo 12                                         
embryo 13                                         
embryo 14                                         
embryo 15                                         
                                         scoring for medial pathway (M):                                    - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.8. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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genotype:robo2dIg4/+                                       
                                         
                                         
segment A1 A2 A3 A4 A5 A6 A7 A8 
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                                   - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.9. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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segment A1 A2 A3 A4 A5 A6 A7 A8 
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                                         scoring for medial pathway (M):                                    - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders                              
 
Appendix 4.10. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.11. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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                                   - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.12. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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                                         scoring for medial pathway (M): 
                                   - : no ectopic midline crossing                                    X : ectopic midline crossing                                     
                                         scoring for intermediate (I) and lateral (L) pathways:                              - : fascicle is continuous  between segment borders                               X : fascicle is broken, fused with a more medial pathway  or missing at any point between segment borders               
 
Appendix 4.13. Raw scoring data Scoring of embryos was done in Photoshop. I outlined 8 
abdominal segments and scored ectopic midline crossing and lateral positioning breaks. 
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APPENDIX 5: CRISPR DATA 
 
 
 
Appendix 5. CRISPR data Successful and unsuccessful attempts of CRISPR recovery
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Appendix 5. CRISPR data Successful and unsuccessful attempts of CRISPR recovery
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Appendix 5. CRISPR data Successful and unsuccessful attempts of CRISPR recovery
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APPENDIX 6. REANNOTATION OF FN DELETIONS 
 
New Robo2 Fn deletion 
primers 
 
 
 
Robo2dFn1: TNPN…TVGT 
 
Forward: GTGGGCACTACCAATCCGCTGCTGGGC IG5/FN2 
 
Reverse: CAGCGGATTGGTAGTGCCCAC FN2/IG5 
 
These primers would delete VGTR…VTSN 
 
 
 
Robo2dFn2: RYFNS…RIART 
 
Forward: ACTAGCAATTTGGCCAATCTCACCGAAGGC FN1/FN3 
 
Reverse: GAGATTGGCCAAATTGCTAGTAAC FN3/FN1 
 
These primers would delete TNPL…PTLV 
 
 
 
Robo3dFn3:  LEDVP…LDPIT 
 
Forward: ACTCTGGTTCTCAAAATGCCGAGT FN2/JUX 
 
Reverse: CGATAGACTCGGCATTTTGAGAACCAGAGTAGG JUX/FN2 
 
These primers would delete LANL…TSDV 
 
EACH PRIMER SHOULD CONTAIN 9NT BEFORE THE DELETION AND 24-27 
NT AFTER THE DELETION. IF POSSIBLE, THE 3’ NT SHOULD BE A G OR C. 
 
 
 
Correct sequences 
 
Robo2dFn1: 
 
F: GACACCCCGCGCTACTTCAATAGTGGTCTGGATCTG Ig5/Fn2 
 
R: GAAGTAGCGCGGGGTGTCCAGACGAAGGTAACC Fn2/Ig5 
 
 
 
Robo2dFn2: 
 
F: GTGGGAACGCTTGAAGATGTTCCCTCTGAGGCAC Fn1/Fn3 
 
R: ATCTTCAAGCGTTCCCACCGTAATGGGTTCCGAC Fn3/Fn1 
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Robo2dFn3: 
 
F: 
GCTCGCACCAAGCGACTCGATCCGTTCATCAATCAGFn2/JUX 
R: GAGTCGCTTGGTGCGAGCGATGCGCGAATTCGACGG 
JUX/Fn2 
 
 
Robo2dFn1-Fn3: 
 
F: GACACCCCGAAGCGACTCGATCCGTTCATCAATCAG 
IG5/JUX R: GAGTCGCTTCGGGGTGTCCAGACGAAGGTAACC 
JUX/IG5 
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